ABSTRACT: Structure-specific characterization and quantitation is often required for effective functional studies of oligosaccharides. Inside the gut, HMOs are preferentially bound and catabolized by the beneficial bacteria. HMO utility by these bacteria employs structure-specific catabolism based on a number of glycosidases. Determining the activity of these enzymes requires accurate quantitation of a large number of structures. In this study, we describe a method for the quantitation of human milk oligosaccharide (HMO) structures employing LC/MS and isotopically labeled internal standards. Data analysis was accomplished with a newly developed software tool, LC/MS Searcher, that employs a reference structure library to process LC/MS data yielding structural identification with accurate quantitation. The method was used to obtain a meta-enzyme analysis of bacteria, the simultaneous characterization of all glycosidases employed by bacteria for the catabolism of milk oligosaccharides. Analysis of consumed HMO structures confirmed the utility of a β-1,3-galactosidase in Bif idobacterium longum subsp. infantis ATCC 15697 (B. infantis). In comparison, Bifidobacterium breve ATCC 15700 showed significantly less HMO catabolic activity compared to B. infantis.
H uman milk oligosaccharides (HMOs) are an important component of breast milk and provide health benefits that infant formula manufacturers want to mimic; however, the natural composition of human milk is far too complex to synthesize with current technology. Despite this limitation, if a few key structures were selected for their substantial contribution to milk, it would be within our community's reach to improve infant formula and provide some of the immunological and other advantages that human milk confers. The next step toward the naturalization of infant formula is to identify and quantify specific HMO substrates for their specificity to promote growth of beneficial bacteria over pathogenic bacteria.
Quantitation of HMO catabolism is of general interest because the biological role reveals an evolutionary link between human milk and beneficial bacteria found in an infant's gut. 1, 2 Although HMOs constitute one of the most abundant components 1 of human milk, it is the intestinal bacteria that are able to catabolize them, not the infant. 3 Furthermore, reduced risk for diseases has been demonstrated among breastfed infants. Structure-specific studies may reveal the healthpromoting mechanisms of HMOs and lead to improved infant formulas. 4 Bacterial binding to HMOs and subsequent uptake is necessary for providing nutrients to beneficial bacteria and for blocking 5 the binding between pathogenic bacteria and gut tissue. 6 Bacterial consumption of oligosaccharides has been extensively studied on the basis of composition and for a few select structures. 7−9 Methods for relative 10 and absolute 11 quantitation of oligosaccharides have been demonstrated previously. 12−15 Relative quantitation has employed nonidentical internal standards such as tetradeuterium-labeled pyridylamino monosaccharides and dextran ladders as well as structurespecific standards that differ from the analyte of interest by only a few heavy isotopes. Quantitation of oligosaccharide mixtures has benefitted substantially from using structurally identical internal standards that account for matrix changes at different elution times and provide the closest possible ionization efficiencies in regard to the analyte. Automated structurespecific analysis has been achieved with tandem MS; however, such methods are generally not able to distinguish isomeric oligosaccharides and may require derivatization. 16, 17 Oligosaccharide mixtures are typically characterized according to monosaccharide composition by mass spectrometry (MS). In some cases, the carbohydrate composition provides putative structures; 18 however, unambiguous determination of structures usually requires chromatographic separation of isomers prior to mass spectrometry. 19−22 Because of the lack of structure libraries for liquid chromatography/mass spectrometry (LC/MS), structure-specific analysis is often performed with standard glycan arrays that measure real-time binding of analytes, such as proteins to immobilized carbohydrate standards. The binding events can be detected by a variety of structure-naive spectrophotometric techniques. The major benefit of the traditional binding arrays is that the structure-specific binding is detected quantitatively with high certainty and sensitivity. 23 The drawbacks are the requirements to obtain sufficient amounts of pure standards and to measure binding outside biological conditions. Our approach simulates an array that addresses both issues and presents structurespecific quantitation of nonimmobilized (unbound) structures in a similar format as typically used for bound arrays.
Investigation of enzyme activity on glycans is much less common than binding studies. Structural changes of immobilized glycans cannot be easily monitored by spectrophotometric techniques. In addition, glycan reactions may involve enzymes that require the oligosaccharide substrate to be in free form. For example, catabolism requires glycans to be transported 24 inside the bacterial cells for enzymatic digestion. 25 We have previously employed MS to monitor the mass-specific changes of residual (unbound) glycans during in vitro catabolism. 7 However, the method employed only mass spectrometry and therefore did not determine isomeric possibilities. 15, 26 Any significant differences in catabolism that correlate with structure during in vitro catabolism may inform us of structure-specific cellular binding and hydrolysis as well as potential targets for improving prebiotic components in infant formula.
In this research, we describe a method for monitoring the catabolism of HMOs using LC/MS. By identifying and quantifying each component, we can monitor the activity of bacterial enzymes toward specific structures. We present the data in a glycan array format. The array's structures were identified from a previously published library of over 75 neutral and acidic HMOs. 27, 28 The library contains the accurate mass and reproducible retention time of each structure, determined by glycosidase digestion and tandem mass spectrometry. In combination with highly reproducible nano-HPLC Chip/timeof-flight (TOF) MS and a standard gradient program, the library enables rapid identification of linkage-isomers by LC/ MS.
An in-house written software (LC/MS Searcher) has been developed to rapidly identify and quantify oligosaccharides analyzed with LC/MS according to the stable-isotope labeling method. 15, 29, 30 Many software applications are already freely available for general LC/MS applications such as MZMime 31, 32 and msInspect. 33 Many more software tools can be found on the Web. 34 In contrast to these tools, LC/MS Searcher uniquely automates the library-based identification and quantitation of HMOs with monodeuterated internal standards. LC/MS Searcher is further distinguished from other software tools by its use of a single spectrum at each peak apex to quantify the ratio of coeluting ions. The combined experimental and analytical methods were used for the first time to quantify the structure-specific catabolism of HMOs from the supernatant of in vitro monoclonal bacteria cultures, specifically, the strains Bif idobacterium longum subsp. infantis ATCC 15697 and Bif idobacterium breve ATCC 15700. Previous work has demonstrated structure specific preferences for a set of standards, revealing some of the specificity of enzymes expressed by B. infantis. 35 This application illustrates the utility in determining species and substrate-specific catabolism of oligosaccharides that may have future import in the design of infant formulas.
■ METHODS
Milk Oligosaccharide Isolation and Purification. Human milk samples were obtained from the milk banks of San Jose, CA and Austin, TX. Each milk sample (5 mL) was extracted with four volumes (2:1) of the chloroform−methanol solution (v/v). The emulsion was centrifuged at 3500 rpm for 30 min, and the lower chloroform layer containing the denatured proteins was discarded. The upper layer was collected, and the fraction was freeze-dried. The resultant powder (freeze-dried oligosaccharide-rich fraction) was used for oligosaccharide analysis.
The extracted HMOs were used as the bacterial cell growth substrate. Bifidobacterium longum subsp. infantis ATCC 15697 and Bif idobacterium breve ATCC 15700 were anaerobically cultivated (separately) on M17 media with a 2% HMO solution. The cell culture medium supernatant was removed near the end of the exponential growth phase. A volume of 50 μL of each batch of supernatant HMOs was reduced by 50 μL of 2 M NaBH 4 for 1 h at 65°C. The internal standard was generated for each supernatant sample: 50 μL of the original 2% HMO solution was reacted with 50 μL of 2 M NaBD 4 for 1 h at 65°C. Just prior to removing the borate salts with solidphase extraction, the nondeuterated and deuterated HMOs were mixed. The noncatabolized samples (the zero time-point) were spiked at a ratio of 1:1 (nondeuterated/deuterated) and the catabolized samples were spiked up to a ratio of 100:1. The different spiking ratios were used to generate H/D ratios in the range of 0.05−20 for linear relative quantitation.
Spiked HMO samples were fractionated by solid-phase extraction using the nonporous graphitized carbon cartridge (GCC). Prior to use, the GCC was washed with 80% acetonitrile in 0.1% trifluoroacetic acetic acid (TFA) (v/v) followed by deionized water. After loading of the oligosaccharide mixture onto a cartridge, salts were removed by washing with several cartridge volumes of deionized water. The oligosaccharides were fractionated using 20% acetonitrile in water (v/v) and 40% acetonitrile in 0.05% TFA (v/v) as the eluting solvents. Each fraction (∼9 mL) was combined and evaporated in vacuo prior to MS analysis.
HMOs were chromatographically separated and detected with the Agilent 6210 HPLC-Chip/TOF-MS (Santa Clara, CA). TOF mass spectra were collected every 1.6 s with 16 000 transient scans per spectrum. The Chip LC contained a preconcentration column (40 nL, 4 mm) and an analytical column (43 mm × 0.075 mm), both made from porous graphitized carbon (PGC). For the gradient, solvent A was 0.1% formic acid in 3% acetonitrile and solvent B was 0.1% formic acid in 90% acetonitrile. The sample (1 μL) was loaded onto the preconcentration column for 2 min. The gradient program (in reference to solvent B) was 0% between 0 and 2.5 min, 0 to 16% between 2.5 and 20 min, 16−44% between 20 and 30 min, 44−100% between 30 and 35 min, isocratic at 100% between 35 and 45 min, and isocratic at 0% between 45 and 65 min. The preconcentration column was run on 100% A at 4 μL/min, except when the column was in-line with the analytical column, which flowed on the described gradient program at 0.3 μL/min. HMOs were ionized under 1.7 kV spray voltage, and the resulting data transients were combined into spectra at rates of either 5 spectra/s or 0.63 spectra/s (the former rate permitted more precise evaluation of the shift between the closely spaced deuterated and nondeuterated peak apexes). The range of detection was m/z 100−3000. The data was collected in the positive mode and calibrated by a dual nebulizer electrospray source with a wide range of internal calibrant ions: m/z 118. LC/MS results were exported into mzDATA 36 format with Agilent's MassHunter software and then analyzed with an inhouse software tool written in Java called LC/MS Searcher. HMOs were identified by comparing with structures contained in the library that includes accurate precursor masses and retention times.
■ RESULTS AND DISCUSSION
The workflow shown in Figure 1 describes the experimental procedure for quantitation of the relative change in the amount of individual HMO isomers by a bacterial culture. The relative change in the amount of each HMO structure was monitored for the purpose of finding the structure-specific preferences of enzymes that are expressed by the bacteria for binding and hydrolyzing the HMOs. 15,25,37−39 Identification and Quantitation of Oligosaccharides. Isomer-specific analysis generally 40 requires chromatographic separation prior to MS. 41 Identification of oligosaccharides in this research was aided by a structure library that has been published previously. 27, 28 Identification was performed by comparing samples' accurate masses and characteristic retention times to those belonging to known structures of the published libraries. Supplemental Figure 1 in the Supporting Information shows an extracted ion chromatogram (EIC) for three library compounds with the composition corresponding to 4Hex/2HexNAc. The three major components LNH, LNnH, and p-LNH were identified based on the library, which currently contains nearly 100 fully elucidated HMO structures. 27, 28 The linkage-isomers 19 were distinguished experimentally by employing nanoflow porous graphitized carbon HPLC, which has been shown to be effective at separating isomers, while coeluting glycans were composed of HMOs with different compositions and were readily distinguished by mass. The method has been shown to have high Each structure was quantified relative to a coeluting internal standard of the same glycan structure that contained a deuterium label. Relative quantitation was based on the ratio of the deuterated and nondeuterated isotopomer for each glycan. Figure 2 shows the implementation of Supplemental eq 1 in the Supporting Information for calculating the H/D ratio and the relative catabolism of each HMO structure. The corresponding isotopic envelopes for representative data are shown in Supplemental Figure 3 in the Supporting Information. The first step in the determination is to calculate the H/D ratio for the original (zero time-point from growth curve) and catabolized samples. The H/D ratio for each structure is calculated separately with Supplemental eq 1 in the Supporting Information. The next step is to generate an adjusted H/D ratio for the samples (excluding the zero time-point) for which the amount of spiked HMO was not the same for both the zero time-point and catabolized samples. While the amount of spiked HMO need not be the same for all samples, the differences in the amounts spiked into catabolized samples relative to the amount spiked into the zero time-point must be known. For instance, if the original sample were spiked with 50 μL of 2 mg/mL deuterated HMO, we may choose to spike the catabolized sample with 5 μL of 2 mg/mL deuterated HMO, as long as the relative amount of standard added to the catabolized versus zero time-point samples is included in Supplemental eq 2 in the Supporting Information. Once the H/D ratio is adjusted according to the relative amount of spiked HMO, the percent catabolism is calculated with Supplemental eq 3 in the Supporting Information. 15, 29 The H/D ratio method has been demonstrated previously; 29, 42 however, for the quantitation of HMOs it was based on composition 15 as opposed to structure. While Supplemental Figure 4A in the Supporting Information shows a successful standard addition calibration for LNT within a complex matrix, Supplemental Figure 4B in the Supporting Information demonstrates one of the challenges of HMO quantitation with an external HMO standard by showing that the abundance of the HMO in the complex mixture is significantly attenuated by the matrix and not comparable to the detection of the standard in a simpler matrix. The matrix problem is expected to be specific to each elution time and to each sample, particularly for samples collected at different times of bacterial growth. Furthermore, Supplemental Figure 5 in the Supporting Information shows that relative quantitation for two HMO samples of similar complexity and composition can be less precise than relative quantitation with an internal (deuterated) standard.
We analyzed a series of nine standard mixtures with known H/D ratios to verify accuracy (slope of 1.0) and linearity (R 2 of 0.99) between H/D 0.05−20 (Supplemental Figure 6 in the Supporting Information). Excellent accuracy and linearity of H/ D ratio measurement was only realized by first determining the linear response range of the absolute peak intensities of HMOs with TOF MS and diluting samples appropriately as well as spiking later time-points with less standard to obtain H/D ratios between 0.5 and 20. We have also shown that the ionization efficiencies of the nondeuterated and deuterated HMOs are equivalent (Supplemental Figure 7 in the Supporting Information) and that the experimental first and second isotopes are within 5% of the theoretical relative abundances and are reproducible between runs within 2.0 ± 0.4%.
Automated Quantitation with H/D Ratios. Automated structure-specific quantitation of HMOs should address at least five nonideal chromatographic and mass-spectrometric behaviors: (1) unresolved chromatographic peaks, (2) unpredictable charge-state preferences, (3) suppression of oligosaccharide ionization, (4) retention time shifts, and (5) reduced confidence in identification of each compound after significant catabolism.
Supplemental Figure 8 in the Supporting Information shows the user interface for the in-house written software, LC/MS Searcher, that displays both the raw data and processed results. LC/MS Searcher in combination with nano Chip HPLC/TOF MS provides all the necessary corrections for these challenges within a single algorithm (Supplemental Figure 9 in the Theoretical isotopic distribution of a spiked sample in which the nondeuterated LNT is 75% catabolized relative to the data in part A (assuming both A and B were spiked with the same amount of deuterated standard). The data in parts A and B must be applied separately to Supplemental eq 1 in the Supporting Information. E 1 and T 1 are adjusted to be the same value through Supplemental eq 1 in the Supporting Information. E 1 = experimental first isotope intensity, E 2 = experimental second isotope intensity, T 1 = theoretical first isotope intensity, T 2 = theoretical second isotope intensity. 
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Supporting Information). Previously published work
43−45 has dealt with most of these issues; however, the authors are not aware of software that automates the structure-specific analysis of HMOs spiked with a pool of monodeuterated standards. A discussion of how we solved each of the nonidealities is presented here, followed by an application of the method toward identifying candidate structures to add to infant formulas.
Unresolved Chromatographic Peaks. The most common solution for quantifying partially resolved chromatographic peaks is to forego deconvolution 46−49 and assign peak boundaries that partition a portion of the unresolved peak to one compound. Such algorithms establish the peak boundaries with the first and second derivatives along the chromatogram and look for inflection points, local minima, and changes in the acceleration of slopes to identify the front and tail ends of peaks. 46, 50 The peak area is then calculated within the artificial boundaries regardless of the underlying peak overlap. 51 This solution is straightforward for peaks of equal area and peak shape; however, the expectation of equally sized and shaped peaks is rare. An example of the wide range in peak quality is shown with an EIC for a family of isomers in Supplemental Figure 10 in the Supporting Information.
Our approach is simpler for the sake of introducing less ambiguity in assigning peak abundances. We use the ratio of two ions in a single mass spectrum at the apex of each chromatographic peak to quantify each structure. Quantitation at the peak apex is often affected less from peak overlap, which is generally greater at peak boundaries for the data shown here (Supplemental Figure 11 in the Supporting Information). HPLC employing the more traditional stationary phases generally does not produce sufficient resolving power to separate carbohydrate isomers. However, several recent publications (see the work of Altman and others) have demonstrated the ability of graphitized carbon to effectively separate closely related carbohydrate structures. 52−54 Fortunately, coelution of nonisobaric glycans is not a problem because they are simultaneously detected at different m/z values.
The use of a single mass spectrum to calculate the H/D ratio versus the use of peak area is demonstrated here. The H/D ratio for a particular sample was calculated with four unique methods for extracting peak abundance. The three standard methods for extracting peak abundance are illustrated in Supplemental Figure 12 in the Supporting Information for the quantitation of LNT and LNnT. Manual chromatographic deconvolution was used to obtain H/D ratios of 0.50 and 0.54, respectively (Supplemental Figure 12A in the Supporting Information). An automated peak boundary method using a dynamically shifting baseline generated H/D ratios of 0.53 and 0.41 (Supplemental Figure 12B in the Supporting Information). An automated peak boundary method using a static baseline generated values of 0.52 and 0.58 (Supplemental Figure 12C in the Supporting Information). Finally, the automated method using a single mass spectrum near the peak apex generated H/ D ratios of 0.52 and 0.49. These results show that the dynamically shifted baseline deviated the most from the accurate results (i.e., deconvolution). While this analysis does not distinguish the static baseline and single spectrum methods from each other, it does show noninferiority of the single spectrum method relative to two other broadly applied techniques.
Chromatographic Isotope Shift. Deuterium-labeled HMOs are more hydrophobic than their nonlabeled counterparts and generally elute 1−2 s earlier than the nondeuterated analogues. This systematic chromatographic shift, also explained as a kinetic isotope effect, has been observed previously and is referred to here as the d-shift. 12 The d-shift complicates the use of individual mass spectra for calculating the H/D ratios because the two chromatographic peaks are slightly out of phase and produce artificially decreasing H/D ratios across the chromatographic peaks ( Figure 3A) . The d-shift is particularly problematic when a selected mass spectrum is near the peak boundaries. The artifact H/D ratios can be algorithmically corrected by shifting the deuterated peak to be in-phase with the corresponding nondeuterated peak. The result is a constant H/D ratio from all the mass spectra across the peak ( Figure 3B) . Constant H/D ratios allow quantitation from any point along the chromatographic peak.
Retention Time Shifts. The characteristic retention times had negligible shifts between runs (1 ± 0.6 s) because the plumbing tolerances are tight and have an effective zero dead volume. With proper care of the HPLC system and careful preparation of the solvents, we have observed nearly identical retention times across months to years (within 6 s), approaching the reproducibility of gas chromatography. 55 Furthermore, a sufficient amount of time (20 min) for column equilibration at the end of each run as well as two warm-up runs (with or without sample) prior to starting a sample set proved to be essential for ensuring reproducibility. Although not a problem in these experiments, for experimental outcomes where the retention times are not sufficiently reproducible, the data should be aligned algorithmically 56 or a retention time library of standards should be prepared at the beginning of each series of runs.
Reduced Confidence in Identification of Each Compound with Increasing Catabolism. The deuterated peak profiles are always similar to the original HMO pool, regardless of the change in peak profiles of the catabolized sample. The overlay of the deuterated HMOs on top of the catabolized HMOs is beneficial when the EIC profiles of the catabolized HMOs are no longer comparable to the profile of the known HMO pool. The problem is exacerbated by the presence of several isomers that are detected as proximal chromatographic peaks that must be distinguished from the isomer of interest. The ambiguity is solved by the software feature that identifies peaks based on the deuterated EIC profiles. In addition to the algorithm, the user interface (UI) shows the deuterated EIC profile overlaid on top of the nondeuterated EIC, providing visual verification that the correct peaks were selected (Supplemental Figures 11 and 13 in the Supporting Information).
In-House Software. We developed a software application to standardize and accelerate data analysis. Typical analysis time for one data file is 45 min by hand but mere seconds with LC/ MS Searcher. Peak selection and quantitation is applied consistently for data sets with multiple files. The user interface includes features for displaying and searching all types and levels of LC/MS n data (Supplemental Figure 8 in the Supporting Information). The chromatographic data can be visualized either two-dimensionally as intensity vs retention time or three-dimensionally as a heat map (Supplemental Figure 14A in the Supporting Information). The heat map is unique in that it efficiently reveals impurities such as polymers (Supplemental Figure 14B in the Supporting Information) as well as isomer families (Supplemental Figure 14C in the Supporting Information) and could potentially be used as a sample "fingerprint". The HMO isomer families can be seen as sequentially eluting spots or peaks of the same mass-to-charge ratio. Although ion suppression is significantly reduced for chromatographically separated compounds, a few abundant compounds appear to suppress co-eluting species as shown by the apparent "shadows" cast across the heat map by LNT, 2′FL, and the polymer impurities in Supplemental Figure 14D in the Supporting Information. In this way, the heat map can provide valuable information for method development regarding ion suppression. The LC/MS Searcher employs a simple algorithm (Supplemental Figure 9 in the Supporting Information) that smooths the raw data for each EIC, identifies all local maxima (presumably the peak apexes), and finds the local maxima closest to the library retention times for the structures of interest (illustrated in Supplemental Figure 15 in the Supporting Information).
Structure-Specific Catabolism Study. The ability to precisely discriminate isomers from complex HMO mixtures enables an unprecedented view of bacterial consumption of these important glycans. To illustrate this we examined the HMO isomer consumption pattern of two model bifidobacteria (B. infantis ATCC 15697 and B. breve ATCC 15700), strains for which we previously characterized the HMO consumption, however, only at the compositional level. 7 At the time of the analysis, 75 library structures and 41 nonelucidated compounds were simultaneously monitored, providing precise results for 39 structures and 33 nonelucidated compounds with an average relative standard deviation of 11 ± 10% for the percent catabolism ( Figure 4 ). All results are based on library structures except those beginning with the letter "u", indicating an abundant compound detected with accurate mass and retention time but where the structure has yet to be elucidated. The results show that certain structures were preferentially catabolized by B. infantis (representative chromatographic separation and identification data is included in Supplemental Figure 16 in the Supporting Information). Catabolism of linkage-isomer HMOs varied significantly within isomer families. The heptamer family containing 4Hex/2HexNAc/ 1dHex included two prominent isomers (MFLNH I and MFLNH III) that eluted within 30 s of each other and yet showed significantly different percent catabolism: 20 ± 3% and 83 ± 0.5%. The only structural difference between these isomers was the location of the fucose residue and its linkage, α(1-2) vs α(1-3), (Supplemental Figure 16 in the Supporting Information). The α(1-2) linkage is suspect for the decreased catabolism because of a virtually identical correlation in the 11-mer family 5Hex/3HexNAc/2dHex, where two isomers eluted within 30 s of each other and differed only in the location and linkage of a fucose, where the less catabolized isomer contained an α(1-2) linkage: 5230a and DFLNnO II of the 11-mer family were consumed 5 ± 3% and 79 ± 1%. A similar structural trend was also observed within the heptamer family, 5Hex/2HexNAc, where the two structures (LNH and p-LNH), both containing one galactose-β(1-3) linkage and one galactose-β(1-4) linkage, were catabolized significantly more than another structure (LNnH) containing only galactose-β(1-4) linkages (56 ± 1% and 48 ± 3% compared to 6 ± 0.5%) (Figure 4 and Supplemental Figures 5 and 16 in the Supporting Information). The bacteria's preference for α(1-3) fucose linkages over α(1-2) linkages can also be shown by comparing LNH (a nonfucosylated structure) to two isomeric structures that differ from LNH only by the presence of fucose: MFLNH I, containing α(1-2) fucose, and MFLNH III, containing α(1-3) fucose. While LNH showed intermediate percent catabolism, MFLNH I showed less catabolism and MFLNH III showed more (Figure 4 and Supplemental Figure 16 in the Supporting Information). Such trends show structure-specific preferences of bifidobacteria and will inform future research toward selecting key HMOs to be synthesized and tested for bifidogenic benefits to humans.
Although most HMOs decreased in concentration during the B. infantis growth, a few HMOs increased (Figure 4 and Supplemental Figure 17 in the Supporting Information). While this may be due to partial decomposition of larger HMOs, they may also be produced by the bacteria. These results require further studies.
Structure-specific catabolism of HMOs was also quantified from the exponential growth phase of B. breve ATCC 15700 as shown in Figure 5 . The 67 HMOs shown in Figure 5 were on average significantly less catabolized than for B. infantis ATCC 15697. Percent catabolism for B. breve clustered around 21 ± 12%, indicating only minor catabolism and few structurespecific preferences as compared to the broader and higher range for B. infantis, 51 ± 22%. A representative example of the difference in structure-specificity between the two strains can be shown with the family of isomers with the composition 4Hex/ 2HexNAc. The catabolism by B. breve of LNH, LNnH, and p-LNH is 17 ± 4% for all three, whereas for B. infantis the catabolism is different for each: 56 ± 1%, 6 ± 0.5%, 48 ± 3%, respectively. These findings correlate with the total HMO catabolism measurements that were previously published for these strains. Furthermore, the previously published percent catabolism of LNnT by B. breve at 64.5% agrees with our measured value at 59 ± 12%. 38 
■ CONCLUSIONS
Although the data looks intriguing with clear differences in the consumption pattern between the two organisms, further examination involving multiple replicates with more points along the timeline would be appropriate to make any biological conclusions and guide a collaboration to synthesize key structures and conduct clinical trials with modified infant formula. The method for quantifying structure specific consumption by MS in combination with liquid chromatography appears robust while allowing the study of large groups of oligosaccharides yielding enzymatic information that can be placed in an array format (Figures 4 and 5 ). Were these oligosaccharides bound to an array, it would be difficult to monitor their specific consumptions as they would not be present in their native unbound form. Furthermore, the quantitation of HMOs in this manner is expected to be more precise than label-free methods, such as those that take ion abundances into consideration. This application allows the characterization of global enzyme activity of organisms that employ a complicated suite of enzymes for oligosaccharide catabolism. While the application illustrated here is for single cultures in vitro, the method can be applied to large microbiomes in vivo. 
